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The DO Collaboration presents first evidence for the production of single top quarks at the 
Fermilab Tevatron pp collider. Using a 0.9 fb-1 dataset, we apply a m ultivariate analysis to  separate 
signal from background and measure <r(pp ^  tb +  X , tqb +  X ) =  4.9 ±  1.4 pb. The probability to 
measure a cross section at this value or higher in the absence of signal is 0.035%, corresponding to 
a 3.4 standard  deviation significance. We use the cross section measurem ent to  directly determine 
the CKM m atrix  element th a t describes the W tb  coupling and find 0.68 <  \Vtb\ <  1 at 95% C.L. 
w ithin the standard  model.
P A C S  n u m b e rs :  1 4 .6 5 .H a ; 1 2 .1 5 .J i;  1 3 .8 5 .Q k
4T op q u ark s w ere first observed  in  s tro n g  t t  p a ir  p ro d u c­
tio n  a t  th e  T eva tron  collider in  1995 [1]. In  th e  s ta n ­
d a rd  m odel (SM ), a ( pp  —»■## +  X )  =  6.8+g'g p b  [2] a t 
yfs =  1.96 TeV  for a to p  q u a rk  m ass of 175 G eV. Top 
q u ark s  are also ex p ected  to  be p ro d u ced  sing ly  v ia th e  
electrow eak  processes [3, 4] i llu s tra te d  in  F ig . 1. For 
brevity , we use th e  n o ta tio n  “tb” to  rep resen t th e  sum  
of tb  a n d  ib, an d  “tqb” for th e  sum  of tqb an d  ttb .  T he 
nex t-to -lead in g  o rd er (N LO ) p red ic tio n  for th e  s-channel 
single to p  q u a rk  cross section  is a (p p  ^  tb  +  X  ) =  
0.88 ±  0.11 pb , an d  for th e  t-ch an n el process, th e  p red ic­
tio n  is <r(pp ^  tqb +  X ) =  1.98 ±  0.25 p b  [5, 6].
FIG. 1: Representative Feynman diagrams for (a) s-channel 
single top quark production and (b) t-channel production.
Single to p  q u a rk  events can  be used  to  s tu d y  
th e  W tb  coupling  [7], an d  to  m easu re  th e  m agn i­
tu d e  of th e  elem ent |Vtb | o f th e  q u a rk  m ix ing  m a trix , 
(th e  C ab ibbo-K obayash i-M askaw a (C K M ) m a tr ix  [8]), 
w ith o u t assum ing  on ly  th re e  gen e ra tio n s of q u ark s  [9]. 
T h e  q u a rk  m ixing m a tr ix  m u st be u n ita ry , w hich for 
th re e  fam ilies im plies |Vtb| ~  1 [10]. A sm aller m easu red  
value w ould  in d ica te  th e  presence of a fo u rth  q u a rk  fam ily 
to  m ake u p  th e  difference. Single to p  q u a rk  p ro d u c tio n  
can  also b e  used  to  m easu re  th e  to p  q u a rk  p a r tia l  decay  
w id th  r ( t ^ W b )  [11] an d  hence th e  to p  q u a rk  lifetim e.
T h e  D0 co llab o ra tio n  has p rev iously  pub lished  
lim its  [12] on  single to p  q u a rk  p ro d u c tio n . T h e  b es t 
95% C .L . u p p e r  lim its  are <r(pp ^  tb  +  X ) <  6.4 p b  an d  
<r(pp ^  tqb +  X ) <  5.0 pb. T h e  C D F  co llab o ra tio n  has 
also p u b lish ed  lim its  on  th e  cross sections [13].
T h is L e tte r  describes a search  for single to p  q u a rk  
p ro d u c tio n  using  0.9 fb-1  of d a ta  p ro d u ced  a t  a center-of- 
m ass energy  of 1.96 TeV. T h e  d a ta  w ere co llected  from  
2002 to  2005 using  th e  D0 d e tec to r  [14] w ith  triggers 
th a t  req u ired  a je t  an d  an  e lec tro n  or a m uon. T he 
search  focuses on th e  final s ta te  consisting  of one h igh  
tran sv e rse  m o m en tu m  (pT ) iso la ted  lep to n  an d  m issing 
tran sv e rse  energy  (E t ), to g e th e r  w ith  a b -quark  je t  from  
th e  decay  of th e  to p  q u a rk  ( t ^ W b ^ l v b ) .  T h ere  is an  
ad d itio n a l b q u a rk  in  s-channel p ro d u c tio n , an d  an  ad d i­
tio n a l ligh t q u a rk  an d  b q u a rk  in  t-ch an n e l p ro d u ctio n . 
T h e  second b q u a rk  in  th e  t-ch an n e l is ra re ly  recon­
s tru c te d  since it is p ro d u ced  in  th e  fo rw ard  d irec tio n  
w ith  low tran sv e rse  m om entum . T h e  m ain  backg rounds 
are: W  bosons p ro d u ced  in  assoc ia tion  w ith  je ts ; to p  
q u a rk  p a irs  decaying  in to  th e  le p to n + je ts  an d  d ilep ton  
final s ta te s , w hen a je t  o r a lep to n  is n o t reco n stru c ted ; 
an d  m u ltije t p ro d u c tio n , w here a je t  is m is reco n stru c ted  
as an  e lec tron , o r a heavy-flavor q u a rk  decays to  a m uon 
th a t  passes th e  iso la tion  crite ria .
W e m odel th e  signal using  th e  S IN G L E T O P  N LO  M onte 
C arlo  (M C) event g en e ra to r [15]. T h e  event k inem atics 
for b o th  s-channel an d  t-ch an n el rep ro d u ce  d is tr ib u tio n s  
found  in  N LO  ca lcu la tions [5]. T h e  decays of th e  to p  
q u a rk  an d  resu ltin g  W  boson , w ith  fin ite  w id ths, are 
m odeled  in  th e  S IN G L E T O P  g en e ra to r  to  p reserve p a rtic le  
sp in  in fo rm ation . P y t h i a  [16] is used to  m odel th e  
h ad ro n iz a tio n  of th e  g en e ra te d  p a rto n s . F or th e  tb  search , 
we assum e SM tqb as p a r t  o f th e  backg round , an d  vice 
versa. F or th e  tb + tq b  search , we assum e th e  SM ra tio  
betw een  th e  tb  a n d  tqb  cross sections.
W e sim u la te  th e  t t  an d  W  + je ts  b ackg rounds using 
th e  A L P G E N  lead ing -o rder M C event g en e ra to r  [17] an d  
P Y T H IA  to  m odel th e  h ad ro n iza tio n . A p a r to n - je t 
m a tch in g  a lg o rith m  [18] is used  to  ensure  th e re  is no 
doub le -coun ting  of th e  final s ta te s . T h e  t t  b ackg round  
is no rm alized  to  th e  in te g ra te d  lum inosity  tim es th e  
p red ic ted  t t  cross section  [2]. T h e  m u ltije t b ackg round  
is m odeled  using  d a ta  th a t  co n ta in  no n iso la ted  lep tons 
b u t w hich o therw ise  resem ble th e  le p to n + je ts  d a ta se t. 
T h e  W  + je ts  backg round , com bined  w ith  th e  m u ltije t 
backg round , is no rm alized  to  th e  le p to n + je ts  d a ta se t 
se p a ra te ly  for each ana lysis  channel (defined by  lep to n  
flavor an d  je t  m u ltip lic ity ) before b-jet ta g g in g  (described  
la te r) . In  th e  W  + je ts  b ack g ro u n d  s im ulation , we scale 
th e  W bb an d  W cc com ponen ts  b y  a fac to r o f 1 .50± 0 .45  to  
b e t te r  rep resen t h ig h er-o rd er effects [19]. T h is  fac to r is 
d e te rm in ed  by  scaling  th e  num bers o f events in  an  adm ix ­
tu re  of light- an d  heavy-flavor W + je ts  M C events to  d a ta  
th a t  have no  b ta g s  b u t  w hich o therw ise  p ass all selection  
cu ts. T h e  u n c e r ta in ty  assigned  to  th is  fac to r covers th e  
ex p ected  dependence on  k inem atics an d  th e  assu m p tio n  
th a t  th e  fac to r is th e  sam e for W bb a n d  W cc.
W e pass th e  M C events th ro u g h  a GEANT-based sim u­
la tio n  [20] o f th e  D0 d e tec to r. To co rrec t differences 
betw een  th e  s im u la tio n  an d  d a ta , we ap p ly  w eights to  
th e  s im u la ted  events to  m odel th e  effects of th e  triggers, 
le p to n  iden tifica tion  an d  iso la tion  requ irem en ts, an d  th e  
energy  scale of th e  je ts . T h e  b-tagging a lg o rith m  [21] is 
m odeled  by  app ly ing  w eights th a t  accoun t for th e  p ro b a ­
b ility  for each  je t  to  be ta g g ed  as a function  of je t  flavor, 
p T , an d  p se u d o ra p id ity  n.
W e choose events w ith  two, th ree , or four je ts , recon­
s tru c te d  using  a cone a lg o rith m  [22] w ith  rad iu s  1Z =  
■\Z(Ay)2 +  (A</>)2 =  0.5 (w here y is ra p id ity  an d  ^  
is az im u th a l angle) to  c lu ste r energy  d ep o sits  in  th e  
ca lo rim eter. T h e  lead ing  je t  has  p T >  25 G eV  an d  |n| <  
2.5, th e  second lead ing  je t  h as  p T >  20 G eV  an d  |n| <  3.4, 
an d  subsequen t je ts  have p T >  15 G eV  an d  |n| <  3.4. 
E ven ts  a re  req u ired  to  have 15 <  E T <  200 G eV  an d  
ex ac tly  one iso la ted  elec tron  w ith  p T >  15 G eV  an d  
|n| <  1.1 or one iso la ted  m uon  w ith  p T >  18 G eV  
an d  |n| <  2.0. M isreco n stru c ted  events a re  re jec ted  by  
req u irin g  th a t  th e  d irec tio n  of th e  E T is n o t aligned  or 
an ti-a lig n ed  in  az im u th  w ith  th e  le p to n  or a je t. To 
enhance th e  signal co n ten t o f th e  selection , one or tw o of
5th e  je ts  a re  req u ired  to  be iden tified  as o rig in a tin g  from  
long-lived b h ad ro n s  by  a n eu ra l netw ork  b-jet tag g in g  
a lgo rithm . T h e  variab les used  to  iden tify  such je ts  re ly  
on th e  p resence an d  ch a rac te ris tic s  o f a seco n d ary  vertex  
an d  trac k s  w ith  h igh  im p a c t p a ra m e te rs  inside th e  je t. 
F or a 0.5%  lig h t-je t b-tag  efficiency (th e  average m is tag  
p ro b ab ility ), we o b ta in  a 50% average ta g  ra te  in  d a ta  
for b je ts  w ith  |n| <  2.4.
W e select 1,398 b-tagged le p to n + je ts  d a ta  events, 
w hich we ex p ect to  co n ta in  62 ±  13 single to p  q u ark  
events. To increase  th e  search  sensitiv ity , we div ide these  
events in to  tw elve in d ep en d en t ana lysis  channels based  
on th e  lep to n  flavor (e o r ^ ) ,  je t  m u ltip lic ity  (2, 3, or 
4), an d  nu m b er of iden tified  b je ts  (1 or 2). W e do th is  
because th e  signal accep tance  an d  s ig n a l-to -backg round  
ra tio  differ sign ifican tly  from  channel to  channel. E ven t 
y ields a re  given in  T able I, show n se p a ra te d  on ly  by  je t  
m u ltip lic ity  for sim plicity . T h e  accep tances for single to p  
q u a rk  signal as percen tag es of th e  to ta l  p ro d u c tio n  cross 
sections are (3.2 ±  0.4)%  for tb  an d  (2.1 ±  0.3)%  for tqb.
T h e  d o m in a n t co n trib u tio n s  to  th e  u n ce rta in tie s  on  th e  
b ackg rounds com e from : n o rm aliza tio n  of th e  t t  back­
g ro u n d  (18% of th e  t t  com ponen t), w hich includes a te rm  
to  accoun t for th e  to p  q u a rk  m ass u n ce rta in ty ; no rm al­
iza tio n  of th e  W  + je ts  an d  m u ltije t b ackg rounds to  d a ta  
(17-27% ), w hich includes th e  u n c e r ta in ty  on  th e  heavy- 
flavor frac tio n  of th e  m odel; th e  je t  energy  scale correc­
tio n s (1-20% ); an d  th e  b-tagging p ro b ab ilitie s  (12-17%  
for dou b le -tag g ed  events). T h e  u n c e r ta in ty  on  th e  in te ­
g ra te d  lum inosity  is 6%; all o th e r  sources co n trib u te  a t 
th e  few p ercen t level. T h e  u n ce rta in tie s  from  th e  je t  
energy  scale co rrec tions an d  th e  b-tagging p ro b ab ilitie s  
affect b o th  th e  sh ap e  an d  n o rm aliza tio n  of th e  sim u­
la te d  d is trib u tio n s . H aving  selected  th e  d a ta  sam ples, we 
check th a t  th e  back g ro u n d  m odel rep ro d u ces th e  d a ta  in 
a m u ltitu d e  of variab les (e.g., tran sv e rse  m om en ta , pseu­
d o rap id ities , az im u th a l angles, m asses) for each  analysis 
channel an d  find ag reem en t w ith in  u n ce rta in ties .
Since we ex p ect single to p  q u a rk  events to  consti­
tu te  on ly  a  sm all frac tio n  of th e  se lected  event sam ples, 
an d  since th e  back g ro u n d  u n c e r ta in ty  is la rger th a n  th e  
ex p ected  signal, a coun ting  ex p erim en t will n o t have 
sufficient se n sitiv ity  to  verify  th e ir  presence. W e p roceed  
in s tea d  to  ca lcu la te  m u ltiv a ria te  d isc rim in an ts  th a t  sepa­
ra te  th e  signal from  back g ro u n d  an d  th u s  enhance th e  
p ro b ab ility  to  observe single to p  quarks. W e use deci­
sion trees  [23] to  c rea te  these  d isc rim inan ts . A decision 
tree  is a m ach ine-learn ing  techn ique  th a t  app lies cu ts  
i te ra tiv e ly  to  classify  events. T h e  d isc rim in a tio n  pow er 
is fu rth e r  im proved  by  averag ing  over m a n y  decision 
trees  c o n s tru c te d  u sing  th e  ad a p tiv e  b o o stin g  a lg o rith m  
A daB oost [24]. W e refer to  th is  average as a  b o o sted  
decision tree .
W e iden tify  49 variab les from  an  ana lysis  o f th e  signal 
an d  back g ro u n d  F eynm an  d iag ram s [25], s tu d ies  o f single 
to p  q u a rk  p ro d u c tio n  a t  N LO  [26], an d  from  o th e r  anal-
TABLE I: Numbers of expected and observed events in
0.9 fb-1 for e and ^ ,1  b tag and 2 b tag channels combined. 
The to ta l background uncertainties are smaller than  the 
com ponent uncertainties added in quadrature because of anti­
correlation between the W  + je ts  and m ultijet backgrounds 
resulting from the background norm alization procedure.
Source 2 jets 3 jets 4 jets
tb 16±3 8±2 2±1
tqb 20±4 12±3 4±1
t t ^ e e 39±9 32±7 11±3
t i ^ l + j e t s 20±5 103±25 143±33
Wbb 261±55 120±24 35±7
W cc 151±31 85±17 23±5
W j j 119±25 43±9 12±2
M ultijets 95±19 77±15 29±6
Total background 686±41 460±39 253±38
D ata 697 455 246
yses [4, 27]. T h e  variab les m ay  be classified in to  th ree  
categories: ind iv id u al o b je c t k inem atics, g lobal event 
k inem atics, an d  variab les based  on an g u la r co rre la tions. 
T hose w ith  th e  m ost d isc rim in a tio n  pow er include th e  
in v a rian t m ass of all th e  je ts  in  th e  event, th e  in v a rian t 
m ass of th e  rec o n s tru c te d  W  boson  an d  th e  h ighest-pT b- 
tag g ed  je t, th e  angle betw een  th e  h ighest-pT b-tagged je t 
an d  th e  le p to n  in  th e  re s t fram e of th e  rec o n stru c te d  to p  
q u ark , an d  th e  lep to n  charge tim es th e  p se u d o ra p id ity  of 
th e  u n tag g ed  je t. W e find th a t  reducing  th e  nu m b er of 
variab les alw ays reduces th e  sen s itiv ity  o f th e  analysis.
W e use a  b o o ste d  decision tre e  (D T ) in  each  of th e  
tw elve ana lysis  channels for th re e  searches: tb+ tqb , tqb, 
an d  tb. T hese 36 D T s are tra in e d  to  se p a ra te  one of th e  
signals from  th e  sum  of th e  t t  an d  W  + je ts  backgrounds. 
O n e-th ird  of th e  M C signal an d  back g ro u n d  events is 
used  for tra in in g ; th e  rem ain ing  tw o -th ird s  a re  used  to  
d e te rm in e  th e  accep tances in  an  un b ia sed  m anner. A 
b o o ste d  decision tree  p roduces a quasi-con tinuous o u tp u t 
d is tr ib u tio n  O DT ran g in g  from  zero to  one, w ith  back­
g ro u n d  peak ing  closer to  zero  an d  signal peak ing  closer 
to  one. F igu res 2 (a) an d  2 (b) show  th e  D T  o u tp u t d is tr i­
b u tio n s  for tw o b ac k g ro u n d -d o m in a ted  d a ta  sam ples to  
d em o n s tra te  th e  ag reem en t betw een  back g ro u n d  m odel 
an d  d a ta . F ig u re  2 (c) show s th e  h igh  en d  of th e  su m  of 
th e  12 tb + tq b  D T  o u tp u ts  to  illu s tra te  w here th e  signal 
is expected , an d  F ig. 2 (d) show s th e  in v a rian t m ass of 
th e  rec o n stru c te d  W  boson  w ith  th e  h ighest-pT b-tagged 
je t  (w here th e  n eu trin o  lo n g itu d in a l m o m en tu m  h as been  
chosen to  b e  th e  sm alle r ab so lu te  value of th e  tw o possib le 
so lu tions to  th e  m ass eq u a tio n ), for events in  a  signal- 
en h an ced  reg ion  w ith  O DT >  0.65. T h e  b ackg round  
peaks n ea r th e  to p  q u a rk  m ass because th e  D T s select 
events sim ilar to  single to p  q u a rk  events.
W e ap p ly  a B ayesian  ap p ro ach  [28] to  m easu re  th e  
single to p  q u a rk  p ro d u c tio n  cross section . W e form  a 
b inned  likelihood as a p ro d u c t over all b ins an d  channels
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FIG. 2: Boosted decision tree ou tpu t distributions for (a) a 
W +jets-dom inated control sample, (b) a ttc-dom inated control 
sample, and (c) the high-discriminant region of the sum of 
all 12 tb+tqb D ts .  For (a) and (b), H T =  ET +  E t  +  
^ E T lljets. P lot (d) shows the invariant mass of the recon­
structed  W  boson and highest-pT b-tagged je t for events with 
ODT >  0.65. The hatched bands show the ±1 standard  devi­
ation uncertainty on the background. The expected signal is 
shown using the measured cross section.
(lep ton  flavor, je t  m ultip lic ity , an d  ta g  m ultip lic ity ) of 
th e  decision tre e  d isc rim in an t, s e p a ra te ly  for th e  tb+ tqb , 
tqb, an d  tb  analyses. W e assum e a P oisson  d is trib u tio n  
for th e  observed  coun ts an d  fla t nonnega tive  p rio r p ro b ­
ab ilities  for th e  signal cross sections. S y stem atic  uncer­
ta in tie s  an d  th e ir  co rre la tio n s are  ta k e n  in to  accoun t 
by  in te g ra tin g  over th e  signal accep tances, b ackg round  
yields, an d  in te g ra te d  lum inosity  w ith  G au ss ian  p rio rs  for 
each  sy stem a tic  un certa in ty . T h e  final p o s te rio r p ro b a ­
b ility  d en sity  is co m p u ted  as a  function  of th e  p ro d u c tio n  
cross section . For each  analysis, we m easu re  th e  cross 
section  u sing  th e  p o sitio n  of th e  p o ste rio r d en s ity  p eak  
an d  we ta k e  th e  68% asy m m etric  in te rva l a b o u t th e  p eak  
as th e  u n c e r ta in ty  on  th e  m easu rem en t.
W e te s t th e  v a lid ity  of th e  cross section  m easu re­
m en t p ro ced u re  using  six ensem bles of p se u d o -d a tase ts  
se lected  from  th e  full set of tb + tq b  signal an d  b ackg round  
events w eighted  to  rep resen t th e ir  expected  p ro p o rtio n s. 
A P oisson  d is trib u tio n  w ith  a m ean  equal to  th e  to ta l 
nu m b er of se lected  events is ran d o m ly  sam pled  to  d e te r­
m ine th e  nu m b er of events in  each  p se u d o -d a tase t. E ach  
ensem ble has  a d ifferent assum ed  tb + tq b  cross section  
betw een  2 p b  an d  8 pb. No significant b ias is seen in  th e  
m ean  of th e  m easu red  cross sections for these  ensem bles.
T h e  ex p ected  SM an d  m easu red  p o ste rio r p ro b ab ility  
densities for tb + tq b  are  show n in F ig. 3 . W e use th e  
m easu red  p o ste rio r d en sity  d is trib u tio n  for tb + tq b  as 
show n in F ig. 3 an d  sim ilar d is tr ib u tio n s  for tqb an d  tb  to  
m ake th e  following m easu rem en ts: <r(pp ^  tb  +  X , tqb +  
X ) =  4.9 ±  1.4 pb , a (p p  ^  tqb +  X ) =  4 .2—H  pb, an d  
<r(pp ^  tb  +  X ) =  1.0 ±  0.9 pb . T hese re su lts  a re  consis-
te n t  w ith  th e  SM ex p ec ta tio n s. T h e  u n ce rta in tie s  include 
s ta tis tic a l an d  sy stem a tic  com ponen ts com bined. T he 
d a ta  s ta tis tic s  co n trib u te  1.2 p b  to  th e  to ta l  1.4 p b  un ce r­
ta in ty  on  th e  tb + tq b  cross section.
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FIG. 3: Expected SM and measured Bayesian posterior prob­
ability densities for the tb+tqb cross section. The shaded 
regions indicate one standard  deviation above and below the 
peak positions.
W e assess how  s tro n g ly  th is  analysis ru les o u t (or is 
ex p ected  to  ru le  o u t)  th e  b ackg round-on ly  hyp o th esis  by  
m easu rin g  th e  p ro b ab ility  for th e  back g ro u n d  to  fluc­
tu a te  u p  to  give th e  m easu red  (or SM) value of th e  
tb + tq b  cross section  or g rea te r. F rom  an  ensem ble of 
over 68,000 b ackg round-on ly  p seu d o -d a tase ts , w ith  all 
sy stem a tic  u n ce rta in tie s  inc luded , we find th a t  th e  back­
g ro u n d  f lu c tu a te s  u p  to  give th e  SM cross section  of 
2.9 p b  or g re a te r  1.9% of th e  tim e, co rrespond ing  to  
an  expected  significance of 2.1 s ta n d a rd  dev ia tions (SD) 
for a  G au ss ian  d is trib u tio n . T h e  p ro b ab ility  th a t  th e  
back g ro u n d  f lu c tu a te s  u p  to  p ro d u ce  th e  m easu red  cross 
section  of 4 .9 p b  or g rea te r  is 0.035% , co rrespond ing  to  
a  significance for ou r resu lt o f 3.4 SD. U sing a second 
ensem ble of p se u d o -d a ta se ts  w hich includes a SM  tb + tq b  
signal w ith  2.9 p b  cross section, w ith  all sy s tem a tic  un ce r­
ta in tie s  included , we find th e  p ro b ab ility  to  m easu re  a 
cross section  of a t  leas t 4 .9 p b  to  be 11%.
W e ap p ly  tw o a lte rn a tiv e  m e th o d s  to  ca lcu la te  tb + tq b  
d isc rim inan ts . T h e  first techn ique ca lcu la tes  th e  p ro b ­
ab ility  for each  event to  be signal or back g ro u n d  based  
on th e  lead ing -o rder m a tr ix  elem en t d escrip tio n  of each 
process for tw o-je t an d  th ree -je t events [29]. I t  tak es  as 
in p u t th e  fou r-m om en ta  of th e  rec o n stru c te d  o b jec ts  an d  
in c o rp o ra te s  th e  b-tagging in fo rm atio n  for each  event. 
T h is  is a pow erful m e th o d  to  e x tra c t th e  sm all signal 
because it encodes th e  k in em atic  in fo rm atio n  of th e  
signal an d  back g ro u n d  processes a t  th e  p a r to n  level. T he 
p ro b ab ility  th a t  th e  back g ro u n d  f lu c tu a te s  u p  to  give th e  
SM cross section  or g rea te r  in  th e  m a tr ix  elem ent analysis 
is 3.7% (1.8 SD). W e m easu re  <r(pp ^  tb +  X , tqb +  X ) =  
4 .6+15 pb. T h e  p ro b ab ility  for th e  back g ro u n d  to  fluc­
tu a te  u p  to  give a  cross section  of a t  least 4.6 p b  is 0.21%  
(2.9 SD). T h e  second a lte rn a tiv e  m e th o d  uses B ayesian  
n eu ra l netw orks [30] to  se p a ra te  tb + tq b  signal from  back­
g round . W e tra in  th e  netw orks se p a ra te ly  for each  an a l­
ysis channel on  a sam ple of signal events an d  on an  equal­






7g ro u n d  com ponen ts  in  th e ir  ex p ected  p ro p o rtio n s , using 
24 in p u t variab les (a su b se t o f th e  49 used  in  th e  b o o sted  
decision tre e  ana lysis). L arge nu m b ers  o f netw orks are 
averaged , resu ltin g  in  b e t te r  se p a ra tio n  th a n  can  be 
achieved w ith  a single netw ork . T h e  p ro b ab ility  th a t  th e  
b ack g ro u n d  f lu c tu a te s  u p  to  give th e  SM cross section  
o r g rea te r  in  th e  B ayesian  n eu ra l netw ork  ana lysis  is 
9.7% (1.3 SD). W e m easu re  <r(pp ^  tb  +  X , tqb +  X ) =  
5.0 ±  1.9 pb . T h e  p ro b ab ility  for th e  back g ro u n d  to  fluc­
tu a te  u p  to  give a cross section  of a t  least 5.0 p b  is 0.89%  
(2.4 SD).
T h e  th re e  ana lyses are  co rre la te d  since th e y  use th e  
sam e signal an d  back g ro u n d  m odels an d  d a ta , w ith  
a lm ost th e  sam e sy stem a tic  u n ce rta in ties . W e ta k e  th e  
decision tre e  m easu rem en t as ou r m ain  resu lt because 
th is  m e th o d  has th e  low est a p rio ri p ro b ab ility  for th e  
b ack g ro u n d  to  have flu c tu a te d  u p  to  give th e  SM cross 
section  or g rea te r. T h a t  is, we ex p ect th e  decision  tree  
ana lysis to  ru le  o u t th e  b ack g round-on ly  hyp o th esis  w ith  
g re a te s t significance.
W e use th e  decision  tree  m easu rem en t of th e  tb + tq b  
cross section  to  derive a first d irec t m easu rem en t o f th e  
s tre n g th  of th e  V —A coupling  |Vibf L | in  th e  W tb  vertex , 
w here f L is an  a rb it ra ry  le ft-h an d ed  form  fac to r [31]. 
W e m easu re  |Vibf-jL| =  1.3 ±  0.2. T h is m easu rem en t 
assum es |Vtd |2 +  |Vt s |2 ^  |Vtb|2 an d  a pu re  V —A an d  
C P -conserv ing  W tb  in te rac tio n . A ssum ing in  ad d itio n  
th a t  f L =  1 an d  using  a flat p rio r for |Vtb|2 from  0 to  1, 
we o b ta in  0.68 <  |Vtb | <  1 a t  95% C .L . T hese m easu re­
m en ts  m ake no assu m p tio n s a b o u t th e  nu m b er of q u ark  
fam ilies or C K M  m a tr ix  u n ita rity .
To sum m arize , we have perfo rm ed  a search  for single 
to p  q u a rk  p ro d u c tio n  using  0.9 fb— 1 of d a ta  collected 
by  th e  D0 ex p erim en t a t  th e  T eva tron  collider. W e find 
an  excess o f events over th e  b ack g ro u n d  p red ic tio n  in 
th e  h igh  d isc rim in an t o u tp u t reg ion  an d  in te rp re t i t  as 
evidence for single to p  q u a rk  p ro d u c tio n . T h e  excess has 
a significance of 3.4 s ta n d a rd  dev ia tions. W e use th e  
b o o ste d  decision tree  d isc rim in an t o u tp u t d is trib u tio n s  
to  m ake th e  first m easu rem en t of th e  single to p  q u ark  
cross section: <r(pp ^  tb  +  X , tqb +  X ) =  4.9 ±  1.4 pb. 
W e use th is  cross section  m easu rem en t to  m ake th e  
first d irec t m easu rem en t of th e  C K M  m a tr ix  elem ent 
|Vtb | w ith o u t assum ing  C K M  m a tr ix  u n ita rity , an d  find 
0.68 <  |Vtb | <  1 a t  95% C.L.
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